The structural basis of allosteric signaling in G protein-coupled receptors (GPCRs) is important in guiding design of therapeutics and understanding phenotypic consequences of genetic variation. The Evolutionary Trace (ET) algorithm previously proved effective in redesigning receptors to mimic the ligand specificities of functionally distinct homologs. We now expand ET to consider mutual information, with validation in GPCR structure and dopamine D2 receptor (D2R) function. The new algorithm, called ET-MIp, identifies evolutionarily relevant patterns of amino acid covariations. The improved predictions of structural proximity and D2R mutagenesis demonstrate that ET-MIp predicts functional interactions between residue pairs, particularly potency and efficacy of activation by dopamine. Remarkably, although most of the residue pairs chosen for mutagenesis are neither in the binding pocket nor in contact with each other, many exhibited functional interactions, implying at-a-distance coupling. The functional interaction between the coupled pairs correlated best with the evolutionary coupling potential derived from dopamine receptor sequences rather than with broader sets of GPCR sequences. These data suggest that the allosteric communication responsible for dopamine responses is resolved by ET-MIp and best discerned within a short evolutionary distance. Most double mutants restored dopamine response to wild-type levels, also suggesting that tight regulation of the response to dopamine drove the coevolution and intramolecular communications between coupled residues. Our approach provides a general tool to identify evolutionary covariation patterns in small sets of close sequence homologs and to translate them into functional linkages between residues.
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allostery | G protein-coupled receptors | residue covariation | Evolutionary Trace I dentifying residues that coevolved to maintain or acquire fitness properties is critical for understanding protein structure, function, and evolution (1) . Previous studies have shown that covarying residue pairs, those that exhibit correlated amino acid changes in large multiple sequence alignments, tend to form structural contacts (2-7), enhancing predictions of protein 3D structures (8) (9) (10) (11) . Covariation can also involve distal residues, but the function of these at-a-distance couplings is elusive and has been attributed to background noise, alternative protein conformations, or subunit interactions of protein homooligomers (5, 7, 12) . Alternately, distal covarying residue pairs could indicate allosteric couplings (6, (13) (14) (15) (16) (17) (18) .
The possibility of capturing intramolecular allosteric communication by amino acid covariation analysis of protein family sequences has not been extensively explored. Nonproximal thermodynamic coupling between correlated residue pairs was noted in 274 PDZ domains (14) , but the relationship to allostery is still debated (19, 20) . It may be that distinctive allosteric mechanisms, even among close homologs, limit the extraction of allosteric couplings from sequences (13) . Our previous identification of residues important for allosteric signaling within G protein-coupled receptors (GPCRs) using Evolutionary Trace (ET) (21-24) and strong conservation of some of the residues implicated led us to ask whether ET could also uncover couplings among protein sequence positions not in direct contact.
ET estimates the relative functional sensitivity of a protein to variations at each residue position using phylogenetic distances to account for the functional divergence among sequence homologs (25, 26) . Similar ideas can be applied to pairs of sequence positions to recompute ET as the average importance of the couplings between a residue and its direct structural neighbors (27) . To measure the evolutionary coupling information between residue pairs, we present a new algorithm, ET-MIp, that integrates the mutual information metric (MIp) (5) to the ET framework. We used dopamine D2 receptor (D2R), a target of drugs for neurological and psychiatric diseases (28) , to test whether ET-MIp could elucidate the allosteric functional communications from amino acid covariation patterns and resolve the evolutionary distance at which the allosteric pathways of D2R homologs are sufficiently conserved to detect residue−residue coupling signatures. D2R is expressed in the central nervous system and responds to dopamine, the major catecholamine neurotransmitter. Canonical D2R signaling is effected by G i/o class G proteins, which regulate ion channels (29, 30) , MAPK kinases (31), phospholipase C (32), and inhibition of adenylyl cyclase (33) . D1 class receptors (D1R and D5R) have lower affinities for dopamine (34) (35) (36) and activate adenylyl cyclase through G s class G proteins. To characterize allosteric communication between
Significance
Characterizing relationships among protein structure, function, and evolution requires understanding the evolutionary constraints on each constituent residue of a protein. Previous studies have shown that structural information can be retrieved from evolutionary residue covariation in protein families. However, whether the evolutionary history in protein sequences informs on functional interactions between nonadjacent residues has been unclear. Here, we developed a method that uses evolutionary amino acid covariation to infer functionally coupled residue pairs in the dopamine D2 receptor. We discovered functional coupling between residue pairs that have coevolved mainly to control responses to dopamine and maintain them at wild-type levels. Our findings demonstrate the possibility of extracting the networks of intramolecular allosteric communication from evolutionary residue covariation patterns.
covarying pairs of residues ranked as important by ET (ET residue pairs), we examined functional coupling for ligand binding affinities and downstream G i activation induced by agonist-stimulated D2R.
Results

ET-MIp Identified Pairs of Residue Positions with Evolutionary
Covariation Patterns. We hypothesized that accounting for species divergence would improve the detection of functionally coupled residues over covariation analyses that ignore phylogenetic information. ET-MIp adds the mutual information metric (5) to ET to keep track of the phylogenetic distance at which a pair of residues vary ( Fig. 1A ; see Materials and Methods and Supporting Information for details). In ∼2,500 Class A GPCR transmembrane (TM) domain sequences, we found that residue pairs with high ET-MIp scores were more enriched for direct contacts in a reference structure (PDB 2RH1) compared with results obtained with leading alternative methods (5, 37, 38) (Fig.  1B) , showing that GPCR phylogenetic information improves the coupling signal. Preliminary analysis of other protein families suggests that this result may be fairly general. This opens the possibility that ET-MIp also detects functionally relevant covariation among structurally distant yet coupled residue pairs.
Residue and Sequence Selection. To test predicted couplings experimentally, we selected 10 covarying ET residue pairs in D2R in which one or both of the residues were involved in allosteric pathways of D2R ligand responses (23) , plus two more pairs. Most of these are predicted to be functionally important by ET and alter function upon mutation (23) . These pairs cover a range of ET-MIp coupling scores and involve structurally distant residues (except T205M 5.54 /L379F 6.41 ; see Table S1 ) whose couplings, if any, would be allosteric. To probe the role of functional coupling in discriminating between dopamine and serotonin during evolution, ET residues in D2R were mutated to the corresponding residues in the closely related 5-HT 2A serotonin receptor (5-HT 2A R), so only sites at which 5-HT 2A R and D2R differ were included. As single mutations, these substitutions still allow for a functional receptor (23) . In addition to mutation selection, we considered the choice of sequences used for calculating scores, because this can strongly impact ET-MIp couplings. For structural contacts, ET-MIp can be applied to Class A GPCR sequences because they are all structurally similar. For functional allostery in D2R, tuned to a specific ligand and signaling bias, a more restricted alignment may be best. Accordingly, multiple alignments were tested (Class A, bioamine, dopamine, and D2Rs) and yielded distinct coupling scores (Table S2) .
Functional Interactions Between Covarying ET Residue Pairs Maintained
Dopamine Response at WT Level. To test whether the selected ET residue pairs were functionally coupled, we first compared the effects of single and double mutations on dopamine efficacy using a fluorescence-based assay to study G i activation induced by agonist-stimulated D2R ( Fig. 2 54 ), activation of G i in response to dopamine was unexpectedly decreased or restored to a near-wild-type (WT) level in the double mutants, even though one or both of the constituent single mutants showed significantly enhanced response ( Fig. 2 A and C) . These results indicate that covarying ET residue pairs help maintain dopamine responses at the WT level. A trend was that functional coupling was more apparent in pairs with high evolutionary coupling potential when calculated using sequences only from dopamine receptors (Fig. 2C ). For example, the loss-of-function mutation L379F
6.41 is rescued by T205M 5.54 , with which it has a strong evolutionary coupling potential, but not by N124H 3.42 , with which the coupling potential is weaker ( Fig. 2 B and C). To estimate the epistatic effect of double mutations, we used four standard models (product, logarithmic, minimal, and additive interaction models) (39, 40) . Except for the minimal model, the five residue pairs that were functionally coupled to maintain WT dopamine responses yielded higher epistasis scores, and the epistasis scores correlated better with the evolutionary coupling scores when calculated using input sequences made up only of dopamine receptors ( Fig. 2C and Figs. S1-S4). This suggests that the allosteric communication responsible for dopamine response is a unique evolutionary signature of dopamine receptors. Compared with direct-coupling analysis (DCA), Frobenius norm (FN), and direct information (DI) algorithms (37) (Tables S3 and S4 ), these ET-MIp results correlated better with experimental epistasis scores (Table S5) .
To assess the effect of functional coupling on dopamine potency, dose-response curves were generated to derive EC 50 values for WT and mutant D2Rs ( Fig. 2 D and E and Table S6 ). We used relative ln(EC 50 ) values, defined as the difference between ln(EC 50 mutant ) and ln(EC 50 WT ), to approximate free energy changes, because potency reflects differences in ligand binding affinity and/or activation kinetics, either of which must be determined by a free energy term. To assess nonadditivity, we compared the sum of relative ln(EC 50 ) values of the single mutants with the relative ln(EC 50 ) value of the corresponding double mutants (Fig. 2F) , except when mutants showed almost no response to dopamine. Unlike the three residue pairs with the lowest evolutionary coupling potential, the six pairs with the highest evolutionary coupling potential were nonadditive-a functional coupling that presumably fine-tunes the sensitivity to dopamine (Fig. 2F) . Here again, deviation from additivity correlated most highly with the evolutionary coupling potential derived from the dopamine receptor sequence set ( Fig. 2G and Fig. S5) , and, overall, ET-MIp correlated better with nonadditivity than DCA-FN and DCA-DI (Table S7) .
Rescue Effect on Serotonin Activation Was Observed for Some D2R Double Mutants. Some of the studied ET residues were involved in discriminating against G 16 activation induced by serotonin stimulation of D2R (23) . To test whether the covarying ET residue pairs are functionally coupled with respect to regulating agonist specificity, we compared the effects of single and double mutations on serotonin responses. The single mutants I48T
1.46 , For simplicity, only residues from human sequences are shown. Covarying residue pairs were mapped onto the D3R structure (PDB 3PBL). Some have structural contacts (blue spheres), whereas others are distant in the structure (red spheres). These positions are hypothesized to be functionally coupled during evolution. (B) Receiver operating characteristic curves comparing the performance of ET-MIp and other mutual information (MI)-based methods, MIp (5), normalized MI (nMI) (38) , and DCA algorithms, FN and DI (37) , in identifying residues in contact (within 6 Å) in the structure of the β 2 adrenergic receptor (PDB 2RH1). Each method was applied to aligned sequences of ∼2,500 Class A GPCRs. and N124H 3.42 alone abolished activation by serotonin, suggesting functional coupling in controlling the specificity for D2R activation in these cases (Fig. 3 A−C) . Given the small number of functional coupling cases found, we infer that discriminating against serotonin is not the main functional role of the covarying ET residue pairs studied here. Moreover, this finding suggests that the allosteric communication responsible for specificity of receptor activation may vary across a protein family, making it difficult for ET-MIp to extract such a pattern from a broad sequence input.
Nonadditivity of Free Energy Changes upon Ligand Binding Was
Observed at Some D2R Double Mutants. To investigate whether covarying ET residue pairs interact to control ligand affinity, spiperone competition binding experiments determined K i for both dopamine and serotonin and measured the energetic perturbations by calculating the Gibbs free energy change (ΔΔG 0 ) (Table S8 ). In contrast to EC 50 , these measurements on whole cell membranes reflect low-affinity non-G protein-coupled binding. Significant differences between (ΔΔG /L379F 6.41 revealed nonadditive effects on both dopamine (Fig. 4 A and C) and serotonin (Fig. 4  B and D) Mutants were compared with WT using one-sample t test against WT ≡ 1 (asterisks directly above bars), and mutants within a covarying group were compared with each other using one-way ANOVA followed by Bonferroni's multiple comparison test (asterisks with brackets) (**P < 0.001; *P < 0.05). Bars are color-coded according to the evolutionary coupling potential predicted using amino acid sequences sharing >35% identity with D2R; see Table  S2 for values. (D and E) Dopamine dose-response curves for G i activation were generated with the membrane potential assay as in A. Examples of nonadditive and additive effects of double mutations on the potency of dopamine are shown in D and E, respectively. (F) Dopamine EC 50 values for WT and mutant D2Rs were determined by dose-response curves (details in Table S6 ) and used for the log-additive analysis. Results represent mean ± SEM (n = 3-7; **P < 0.001; *P < 0.05; independent two-tailed Student's t tests). The color scale is as in C. (G) Evolutionary coupling potential, predicted as described for C, is plotted against deviation from additivity jlnðEC 50mutant A =EC 50 WT Þ + lnðEC 50mutant B =EC 50 WT Þ − lnðEC 50mutant AB =EC 50 WT Þj using EC 50 data shown in F. The two were highly correlated (Pearson's R = 0.762, P = 0.017). (H) Positions of the covarying ET residues, shown as spheres (Cα atoms), mapped onto the structure of D3R (PDB 3PBL (Fig. 4 C and D) , we did not find evidence for functional coupling responsible for the specificity of ligand binding.
G Protein-Specific Effects. Our new assay for G i activation let us compare mutational effects on D2R activation of G i vs. G 16 (23) , and revealed several striking contrasts. For serotonin activation, N124H 3.42 greatly decreased maximal activation of G i (Fig. 3C ) but significantly increased maximal activation of G 16 . For maximal dopamine activation, T205M 5.54 , F110W 3.28 , I48T 1.46 , and V91S 2.61 all displayed activation of G 16 close to that of WT (23), but activated the physiological partner of D2R, G i , at levels ranging from 2.5-fold to nearly fourfold higher than WT (Fig. 2C) , implying somewhat different coupling mechanisms for these two G proteins. The most striking observations are that covarying ET residue pairs work together to modulate efficacy and potency of dopamine in D2R, and that the main function encoded by the allosteric communication is to maintain the dopamine response at the WT level and fine-tune sensitivity to dopamine. ET-MIp identified functional couplings that regulate receptor−ligand interactions through residue pairs outside the ligand binding pocket, underscoring the allosteric nature of the pathways extending from the ligand binding site. Covarying ET residue pairs control dopamine responsiveness tightly, possibly reflecting an evolutionary need to maintain distinct dopamine affinities among dopamine receptors (D1, D2, D3, D4, and D5) (34) (35) (36) , each activating diverse downstream signaling pathways. Coupling scores calculated at varying evolutionary depth indicate that coevolution coincides with functional separation of the subfamilies fairly late in evolution. The results of cosubstitution suggest that deviation in either direction from this highly tuned response conferred selective evolutionary disadvantage.
There have been few studies of the functional relationships between covarying residues (14, (16) (17) (18) 41) . Our results reveal functional coupling of the covarying ET residues in D2R, and the synergistic or antagonistic features of the coupling. For example, F202L
5.51 and Y213I 5.62 have a synergistic effect on dopamine efficacy, whereas the effects on dopamine potency are antagonistic ( Fig. 2 C and F) , suggesting that different interactions govern efficacy and potency. The observation that covarying ET residue pairs mediate ligand-specific functional interactions without contacting the ligand directly supports the previous proposal of a conformational filter in D2R (23) .
Previous studies have proposed models of molecular switches associated with receptor activation, such as the ionic lock (D/E)RY (42-47), transmission switch (48), and tyrosine toggle switch (NPxxY) (44) (45) (46) (47) 49) . The discovery of functionally coupled covarying ET residue pairs provides insight into the allosteric pathways connecting ligand binding, molecular switches, and G protein coupling in D2R. Based on the positions of the covarying ET residue pairs mapped onto the structure of D3R (50), we can classify the coupling mechanisms into three categories. (i) The covarying ET residues are far from each other (Table S1) , with one at or near the ligand binding site and the other close to the molecular switches, e.g., I48T
1.46 /F110W 3.28 . F110 3.28 is at the orthosteric binding pocket (50, 51) , and I48 1.46 is in direct contact with D80 2.50 , which interacts with the transmission switch and NPxxY motif through water molecules in molecular dynamics simulations of β 1 and β 2 adrenergic receptors (52), suggesting a role for this pair in coupling ligand binding to switch residues. (ii) Both of the covarying ET residues are at or near the ligand binding site, with one close to the 3-7 lock switch (D114 3.32 -Y416 7.43 ), which forms a link between TM3 and TM7 that breaks upon receptor activation in rhodopsin (47, 50, 53 ( Fig. S6A ) and an inward-facing side-chain rotamer of M117F 3.35 could interact with D114 3.32 , if TM2 and TM3 move apart from each other (Fig. S6B) . Their coupling may contribute to propagation of the dopamine binding signal to the 3-7 lock. (iii) Both of the covarying ET residues are far from the ligand binding pocket but close to the molecular switches or G proteinbinding region. These include F202L 3.40 , which is part of the transmission switch (48) (Fig. S6C) . Y213 5.62 interacts with V215 5.64 , which was found to participate in receptor−G protein interactions (44, 46) (Fig. S6C) . N124H 3.42 , T205M 5.54 , and L379F
6.41 may interact with the residues making up the hydrophobic barrier in TM2, TM3, and TM6 (47, 54) . In addition, T205
5.54 and L379 6.41 are in direct contact with P201
5.50 and F382 6.44 , respectively, of the transmission switch V83L  V91S  V83L/V91S  M117F  Y199F  M117F/Y199F  T205M  L379F  T205M/L379F  S193G  C385M  S193G/C385M  I48T  F110W  I48T/F110W  F202L  Y213I  F202L/Y213I  V152A  L171P  V152A/L171P  N124H  T205M  N124H/T205M  N124H  L379F  N124H/L379F  M117F  L387C  M117F/L387C  I105K  I195F  I105K/I195F  V191L  S409N  V191L/ (48) (Fig. S6D) . A backbone hydrogen bond links L379F 6.41 and the G protein interacting residue L375 6.37 (V331 6.37 in D3R) (46) (Fig. S6E) (59) and GPCR dimerization (57, 60) . The equivalent residue to Y213 5.62 in activated β 2 adrenergic receptor (46) stabilizes the "outward" movement of TM6 through a van der Waals contact, consistent with effects of Y213I 5.62 on G protein coupling. Overall, the results support the idea that covariation patterns are signatures preserved in protein sequences during evolution and reflect functional interactions important for fitness-conferring properties. They open the possibility of improving structurebased drug design by accounting for intramolecular allosteric communication. The involvement of covarying ET residue pairs in allosteric pathways linking ligand binding, molecular switches, and G protein coupling offers the potential to reengineer allosteric pathways of receptor activation. The divergent effects on G i and G 16 (23) activation observed in some mutants suggest that covarying ET residue pairs play a role in governing receptor preference for downstream effectors. Thus, this work also serves as a starting point for studies on bias in activation of effectors controlled by covarying ET residue pairs, and on the interpretation of genome variations.
Materials and Methods
The key methods are briefly described here. For full details, please see Supporting Information.
Evolutionary Trace and MI Analysis. To identify evolutionarily coupled residue pairs, we integrated MI into the ET framework as follows:
The alignment is broken up into subalignments g according to the phylogenetic tree with N nodes. Our measure of mutual information, MIp (5), is computed for all possible residue pairs i and j for each subalignment selected by the phylogenetic tree. The performance of ET-MIp in contact prediction was compared with other methods as described in Supporting Information, using an alignment of 2,500 Class A GPCRs to predict interresidue contacts in the structure of the β 2 adrenergic receptor (PDB 2RH1). To identify covarying residues in D2R, BLAST (Basic Local Alignment Search Tool) analysis of D2R was first performed against the Uniref90 sequence database (61) . To identify homologs, protein sequences were filtered by protein length and sequence identity (>35%, >42%, >50%), where each alignment was respectively made up of all dopamine receptors, dopamine D2 and D3 receptors, and only D2 receptors. The bioamine and Class A GPCR alignments were described previously (23).
Membrane Potential Assay. G i activation induced by agonist-stimulated D2R triggers the opening of TRPC4β channels in HEK293 cells, leading to membrane potential changes (62) . Details are given in Supporting Information.
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